Highly purified preparations of the isometric mushroom viruses 1 and 4 were made by a combination of differential centrifugation, ion-exchange chromatography on DEAE-cellulose and sucrose density-gradient centrifugation. Purified preparations of MVI virions (25 nm diam.) sedimented at 13oS contained one capsid polypeptide of mol. wt. 244oo and two species of double-stranded RNA of mol. wt. approx.
INTRODUCTION
Three morphologically and serologically distinct viruses of the cultivated mushroom (Agaricus bisporus) were initially reported (Hollings, 1962) ; two isometric viruses designated MVI (25 nm) and MV2 (29 nm diam.), and the bacilliform MV3 (I9 × 5o nm). Subsequently, other viruses were described, MV4 and MV5 with isometric particles 35 and 5o nm diam., respectively (Dieleman-van Zaayen & Temmink, 1968; Hollings et al. 1968) . Recently, rodshaped virus particles have also been reported (Lapierre et al. 1971 ; Luisoni, 1972 ) .
These viruses can often cause severe disease and loss of crop, but some of them can occur in low concentrations in apparently healthy mushrooms. Although such latent conditions can be experimentally induced (Last et al. I974) , the mechanism is not understood.
Many different viruses have now been recorded in widely diverse species of the fungi (Hollings & Stone, I971; Lemke & Nash, I974) , but the available evidence suggested that these viruses are different from those so far found in cultivated mushrooms. Several of the fungal viruses have been purified and thoroughly characterized; their nucleic acids are typically double-stranded RNA (dsRNA), although the 'fast virus' from Penicillium stoloniferum appears to contain both dsRNA and single-stranded RNA (ssRNA) (Bozarth et al. I97I ; I973) .
Biophysical and biochemical characterization of the mushroom viruses has proved very difficult; it is hard to obtain pure cultures containing only one kind of virus particle, as techniques which eliminate one virus type greatly decrease the concentrations of any others. As with other viruses of fungi, transmission of mushroom viruses is through hyphal anastomosis, and infection of healthy mushrooms by inoculation with cell-free virus preparations is difficult and inefficient. Also, although A. bisporus will grow in fermenters, growth of severely affected cultures is very slow (like such mycelia on malt agar), and the virus yield is extremely small. Moreover, heavily infected commercial mushroom crops are especially prone to secondary bacterial infections, with the further complication of the associated bacteriophage release. Most previously used methods of virus purification have given very poor yields with serious contamination by host material. Recently, some success has been reported with the most commonly occurring mushroom viruses, MVI and MV 4 (Atkey et al I974; Molin & Lapierre, I973) . Results indicated that these viruses, as suspected, contain RNA, but they conflicted on the strandedness of MV4-RNA.
We report further characterization of MVI and MV4 from commercial mushroom crops.
METHODS
Virus sources. Bulk samples of virus-infected sporophores were obtained from affected mushroom farms. One sample contained a high concentration of MVI and a low concentration of MV4; another had a high concentration of MV4 and a low one of MV~. Both crops contained very low concentrations of MV3 and were heavily contaminated by bacteria and associated bacteriophages.
Virus purification. Sporophores were homogenized at laboratory temperature in an 'Atomix' blender (MSE Ltd) with o'o5 M-sodium phosphate buffer, pH 7.0 (i:2 w/v) containing o.1% (v/v) thioglycollic acid. Coarse debris was removed by fltration through cheesecloth, and the filtrate clarified by centrifugation for zo rain at 52oo rev/min in a 6 x 750 ml angle rotor (Mistral 6L, MSE Ltd). The clear supernatant fluid was then stored at -20 °C until needed.
Virus was purified from I5OO ml batches of thawed extract. Material denatured by freezethawing was removed by low-speed centrifugation and the virus recovered by centrifugation for 60 min at 3o0oo rev/min (rotor R3o, Beckman L2-65B centrifuge). Pelleted material was resuspended in one-fiftieth of the original volume of o.o2 M-sodium phosphate buffer, pH 7"o, and clarified at low speed before a second cycle of freeze-thawing and clarification.
The virus preparation (about 3o ml) was then applied to a column of DEAE-cellulose (Cellex-D, Bio-Rad Laboratories Ltd) equilibrated with the 0-02 M-sodium phosphate buffer, and unadsorbed material washed from the column bed with the same buffer. Virus was eluted by application of 0"5 M-NaC1 in that buffer and recovered by centrifuging for 60 min at 35ooo rev/min (rotor R4o ). Pellets were resuspended in 2 to 3 ml ofo'o5 M-sodium phosphate buffer, followed by low speed centrifugation to remove insoluble material.
Further purification was effected by sucrose density gradient centrifugation in linear Io to 40% (w/v) gradients of 36 ml volume. Gradients were overlaid with I.o to I-5 ml samples of virus. Centrifugation was for IO5 min at 27ooo rev/min (rotor SW27). Virus bands were recovered by upward displacement of the gradients monitored with a' Uvicord I' analyser (LKB Instruments Ltd). Virus was then freed of sucrose and reconcentrated by diafiltration using a 'Centriflo' membrane (Amicon Ltd).
Preparation of antisera. Antisera to viruses were prepared by administering small doses of virus (about IOO/xg) emulsified (I : I, v/v) with Freunds' complete adjuvant (Difco Ltd) intradermally on both flanks of rabbits. Five insertions each of o'o5 ml were made in each flank as a sensitizing dose. Similar injections of virus in incomplete adjuvant were administered 2 and 4 weeks later, and serum collected after a further 4 days. Antisera specific for dsRNA were similarly produced using as antigen poly(I), poly(C) (Sigma London Chemical Co. Ltd) conjugated to methylated bovine serum albumin, each at a concentration of I mg/ml (Francki & Jackson, I972) .
Gel immunodiffusion tests. Gel immunodiffusion tests were performed in 0.8 % (w/v) Ionagar no. 2 (Oxoid) in 0"05 M-sodium phosphate buffer, pH 7"0.
Tests for nucleic acid strandedness by acridine orange staining and RNase treatment of virus in gel immunodiffusion plates were performed after the method of Cowan & Graves (1968) . Gels were washed, dried and then fixed in Carnoy fluid for I5 min at room temperature. They were rinsed in McIlvaine buffer, pH 4.o, and stained in o.oi % (w/v) acridine orange in the same buffer for io to I5 min. Gels were then washed in McIlvaine buffer, rinsed in distilled water and viewed under u.v. light (approx. 254 nm).
Nuclease treatments were performed using o-oi % (w/v) DNase (Sigma) in 0"o5 M-sodium phosphate buffer (60 min at 37 °C) or 0"05 % (w/v) pancreatic RNase (Boehringer) in I x or o-I x SSC (o'I5 M-sodium chloride, o'oi5 M-sodium citrate).
Detection of nucleic acid and protein by eolorimetric methods. Virus samples were analysed
for the presence of DNA after the method of Burton (I956), and for RNA using the orcinol reagent (Albaum & Umbreit, I947) . 
Analysis of virion nucleic acids by polyacrylamide gel electrophoresis.
Extracted nucleic acids were analysed on 2"5 and 2.8 % (w/v) polyacrylamide gels by the method of Loening (I968). Double-stranded nucleic acids of known tool. wt. were similarly treated for tool. wt. Gels were stained for 16 h with aqueous Toluidine Blue (o'0o5 %, w/v), destained in water and scanned using an ISCO model 659 gel scanner attachment and UA5 monitor. Gels were also stained in 5/zg/ml ethidium bromide in o.I x or I × SSC. Digestion of bands was monitored under u.v. light following addition of RNase at 5 #g/ml.
Analytical ultracentrifugation. This was done in a Beckman model E machine using
Schlieren optics and an An-D rotor at 3400o rev/min with bar angle 6o °.
Controlled pore glass chromatography. An 850 × I2 mm column of 24 nm pore size controlled pore glass beads (Sigma London Chemical Co. Ltd) was equilibrated with, and virus elated, using 0"o5 M-sodium phosphate buffer, pH 7"0, as described by Barton (I977) . Eluted virus was reconcentrated by diafiltration.
Electron microscopy. Virus samples were stained with 2 % (w/v) potassium phosphotungstate and viewed in an AEI EM6B microscope.
RESULTS

Virus purification
MVi and MV4 resisted freezing and thawing, which denatured much host material and facilitated its removal. Further concentration of virus by centrifugation, and fractionation on DEAE-cellulose removed almost all host material, including tyrosinase and its dark- coloured reaction products. Tyrosine reaction products were strongly bound to the ion exchanger, since application of I M-NaCI failed to elute them, and no further discoloration was observed in the virus preparations. Both MVI and MV4 apparently eluted over a wide range of NaC1 molarities (approx. o'o5 to o.45 M), with no separation from adsorbed but elutable contaminants; batch elution with o'5 M-NaC1 was therefore employed. Virus eluted from DEAE-cellulose was re-concentrated by centrifugation or diafiltration and further purified by sucrose density gradient centrifugation. Bacteriophages and any virus-sized aggregates of mushroom material banded below MVI or MV4, which could be freed of sucrose and reconcentrated by centrifugation or diafiltration. This process yielded very pure virus of low concentration (Fig. I a to d) ; at best, about Ice/~g virus/kg flesh weight of tissue was obtained, and often virus yields were so small as to be lost if subjected to further centrifugation.
Attempts to hasten MVI purification by addition of Triton X-ioo to various stages of the purification procedure gave a high purity product apparently composed of predominantly empty particles, R N A being barely detectable. Prolonged exposure to the high sodium chloride and sucrose concentrations employed during purification tended to cause disruption of MV4 and more particularly MVI. A partially purified mixture of MVI + MV3 made in I97o (HoUings et al. 197I) was further purified by column chromatography using controlled pore glass beads as described (Fig. I e) . 
Gel immunodiffusion tests
MVI, MV3 and MV4 each gave a single precipitation line in gel against the homologous antisera, with no evidence of cross reactions (Fig. 2) . Preparations appeared free of tyrosinase, for they did not react against anti-tyrosinase serum. MV3 did not react against antiserum to the morphologically similar alfalfa mosaic virus, nor did antiserum to MV3 react with purified alfalfa mosaic virus.
Acridine orange staining of immunodiffusion plates of MV~ and MV4 showed the yellowgreen fluorescence in u.v., characteristic of ds-nucleic acid, and sensitivity to RNase (but not DNase) digestion in weak buffer indicated the presence of RNA. When MV4 immunodiffusion plates were treated with RNase in o-I × and I × SSC, digestion occurred at the lower salt concentration only, demonstrating the presence of dsRNA.
Nucleic acid extracts of MVI and MV4 reacted specifically with anti-poly(I), poly(C) sera, confirming the presence of dsRNA (Fig. 3) These sera had been tested previously and found to be inactive against D N A and ssRNA but active against mycovirus dsRNA and synthetic ds-polyribonucleotide. Insufficient quantities of MV3 have so far precluded tests with this virus. 
Eleetrophoresis of virus polypeptides in polyacrylamide gel
Electrophoresis of virus capsid polypeptides in Io % (w/v) polyacrylamide gels containing SDS showed that MVI and MV 4 each contain a distinct polypeptide species (Fig. 4) -The tool. wt. values of 24400+ I2oo for MVI, and 63800 + 3200 for MV4 were the means of seven and ten determinations, respectively. On several occasions a presumed dimer of MVI polypeptide was seen, with a tool. wt. of 48 4o0 _+ 24oo. Analysis of the mixture ofMVI + MV3 yielded the expected value for MVI polypeptide and values between ] 5 ooo and 17 ooo for MV3 in three determinations of the same sample.
Electrophoresis of virus nucleic acids in polyacrylamide gel
Analysis of nucleic acid extracts of MVI and MV 4 in 2"5 and 2.8 % (w/v) polyacrylamide gel routinely detected two species of RNA in MV 4. These produced sharp bands on gel, stained pinkish-purple in aqueous toluidine blue solution and could be detected in extracts after RNase digestion at high molarity only. Comparison with dsRNA markers suggests tool. wt. values of 1"5 and I'4 × Io 6 (Fig. 5e) .
In early experiments, extracts containing very low concentrations of MV~ yielded no detectable RNA and higher concentration preparations of lesser purity, contaminated with low levels of other viruses, gave varied and conflicting results for numbers of RNA components and their mol. wt. Recently prepared and antigenically identical MVI samples from one mushroom batch have consistently given one result; particles contained what at first appeared to be one dsRNA strand but could just be resolved as a double band following extended electrophoresis (Fig. 5 b, d) . Comparisons with dsRNA markers suggest tool. wt. of about 1.4 × Io6 for these strands. They produced the same staining reactions and enzyme susceptibilities as MV 4 dsRNA but in this case enzyme digestion at low molarity only was also monitored by exposing ethidium bromide-stained gels to RNase in high or low ionic strength SSC and viewing under u.v, light. Attempts to sediment MVI and MV4 to equilibrium in CsC1 were unsuccessful as these viruses were disrupted by such treatment.
Analytical ultracentrifugation
U.v. absorbance spectra
Absorbance spectra of MV4 preparations were typical of nucleoprotein, with maximum at 26o nm and minimum at 245 to 248 nm. Values for A26o/A2so were I'28 to 1.3o with different preparations, and 1.o8 for A~,ax/Am~n. The Aa6o/A2so figures suggest a ~nucleic acid content ofc. 14 ~o according to the method of Layne (I957), or c. I2 ~o by that of Paul (1959) .
MVI differed slightly, with A26o/A~_so averaging I'55 and A~/Ami~ 1.2I. All values were corrected for light scattering.
Colorimetric detection of mwleic acids
Diphenylamine and orcinol tests indicated only RNA in both MVI and MV4.
DISCUSSION
Virus losses during extraction and purification from mushrooms are very high, and sporophores produced in experimentally infected trays rarely contain sufficient virus to yield good purified preparations. Indeed, adequate virus yields are only obtained from sporophores in which virions can be readily visualized by electron microscopy of crude expressed juice. Naturally infected crops, therefore, still offer the most practical source of bulk samples for virus purification.
At present, infected crops on commercial mushroom farms in Britain usually contain MVI +MV4, and sometimes also MV3; MV2 and MV5 are now very rarely encountered. By selection, crops containing high concentrations of MVI and only low concentrations of MV4 (or vice versa) have been found, permitting one or other of these viruses to be preferentially concentrated. The purification methods we report here have given adequate yields of MV4, and lower concentrations of MVI, enabling these two viruses to be further characterized in vitro.
MVL MV3 and MV4 possess single capsid polypeptides, of characteristically different mol. wt.-244o0, 1600o (assuming no degradation of the I97O preparation) and 638oo respectively. These viruses are also serologically unrelated and have occurred in random mixtures, suggesting that they are separate entities and not parts of a multicomponent system. Molin & Lapierre (I973) reported successful separation of MV3 from a mixture of MVI, MV3 and MV4, by differential precipitation with polyethylene glycol (tool. wt. 6000) and NaCl. They found that all three virus types contained RNA, and that MV3 contained ssRNA of mol. wt. 0"9 x io 6, whereas the MVI + MV4 mixture yielded three RNA species, two of low and unquoted mol. wt. (one ssRNA, one dsRNA), and a larger ssRNA (mol: wt. 3"5 to 4"0 x io 6) attributed to MV4. Our results differ; we found two dsRNA species in MV4 of mol. wt. 1.5 and 1.4 x Io 6. After a series of irreproducible and disappointing results with MV I from crops of mushrooms of low virus content, a satisfactorily high level infection was later encountered and meaningful results obtained. This sample of MVI was antigenically identical to the original samples and contained two strands of dsRNA barely resolved by acrylamide gel electrophoresis and with mol.wt, of about 1.4 x io 6. The presence of dsRNA in both MVI and MV4 was confirmed by the sharpness of bands on gel, colour staining with toluidine blue, sensitivity to RNase at low ionic strength only and reaction with specific anti-dsRNA sera. Samples of RNA have now been isolated from MV4 preparations derived from several sources over the last 3 years and all have exhibited the same RNA profile. This suggests that, currently, only one 35 nm MV occurs in Britain. Results suggest that both MVI and MV 4 differ from the isolates of Molin & Lapierre (I973) who found their equivalent viruses to contain predominantly ssRNA. Similarly, Marino et al. (1976) isolated dsRNA from a mixture of virus particles with sizes equivalent to MVL MV3 and MV4 and obtained strands with mol. wt. 2"17, 1.89, I'76, I"7, 1.6 and o'67x Io 6. These values were determined by comparison with reovirus dsRNA and should, therefore, be comparable with our results, within the limits of experimental error (and bearing in mind the small increase in mol. wt. required to compensate for the non-linearity of the high tool. wt. marker dsRNA species; Bozarth & Harley, I976) . The four intermediate values may be equivalent to our values for MVI and MV4 but it is interesting to note that there is no ssRNA which would be expected from MV3 bearing in mind the work of Molin & Lapierre (I973) .
These results suggest that mushroom viruses of similar size and morphology may be no more related than many instances among viruses from the plant and animal kingdom. Gel immunodiffusion tests indicate the unrelatedness of the capsid proteins of our MV1, 3 and 4 but there are no reports in the literature of cross-checks between isolates from different countries. There was no cross-reaction between MV3 and alfalfa mosaic virus, the type member of the only morphologically similar plant viruses.
Although sucrose density gradient centrifugation demonstrated the presence of only a single class of RNA-filled particles for MVI and MV4, gel electrophoresis showed the presence of two dsRNA species in each virus. Whether or not these species are separately encapsidated is unclear. Only a single sedimenting component was recorded for each virus during S value determinations and the viruses proved to be labile in the presence of caesium chloride, so precluding the more sensitive test of isopycnic banding.
These results, therefore, serve to characterize and differentiate MVI from MV4 in mushroom crops in Britain. Further work will be necessary to determine the relationship of these viruses to apparently similar viruses from other countries. In the absence of adequate serological cross-checking, reported characteristics suggest a diversity of mushroom virus types of similar sizes and morphologies.
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